Introduction
The biopsy of early mammalian embryos is now commonly used for karyotyping, genotyping and the assessment of certain inherited genetic disorders (for review, see Bredbacka, 1998) . Gardner and Edwards (1968) first demonstrated that embryos could be sexed by evaluating sex chromatin in trophoblastic cells obtained from rabbit blastocysts. Currently, different methods of cell sampling are used, such as allowing the removal of the polar body from the oocyte (Gordon and Gang, 1990) , slicing the embryo at different stages (Bondioli et al., 1989; Thibier and Nibart, 1995) , or aspirating the blastomere through a hole in the zona pellucida (Naitana et al., 1996; Vajta et al., 1997) . Embryo biopsy can be used in embryo transfer programmes in domestic animals and has potential applications in sex determination, identification of genetic markers linked to economic trait loci, mitochondrial genome analysis, paternity identification, and prenatal diagnosis of genetic abnormalities and diseases.
In multiple genome analysis, DNA quantity must be high enough to obtain good accuracy but, at the same time, there is a need to limit the number of cells taken from the embryos to maintain an acceptable viability of biopsied embryos (Bredbacka, 1998) . Errors can be the result of contamination, and difficulty in evaluation can be attributed to the paucity of DNA template (Navidi and Arnheim, 1991) , which can be amplified for only a limited number of loci. Strategies to increase the accuracy of diagnosis include the removal of more embryonic cells (Dokras et al., 1990) , recycling DNA through PCR (Sasabe et al., 1996) and culturing single blastomeres (Geber et al., 1995) .
Although the techniques available for genome analysis take a few hours, in some cases, it is necessary to store biopsied embryos by cryopreservation. Both biopsy and cryopreservation would have a much wider impact if applied in conjunction with assisted reproduction and selection programmes that provide good opportunity to reduce the generation interval and increase genetic improvement in the sheep industry. The sheep embryo could prove a model for other mammalian species in the application of these technologies. There have been few studies of the sensitivity of embryos to manipulation, cell sampling and subsequent cryopreservation, which can result in cumulative negative effects leading to a decrease in embryo viability (Vajta et al., 1997; Agca et al., 1998) . Moreover, the limited number of cells is collected typically by biopsy, which does not allow extensive analysis. The present study provides an alternative approach to cell Journal of Reproduction and Fertility (2000) The major obstacle in the extensive analysis of the embryonic genome is the small number of cells typically obtained after the embryo biopsy. The object of the present study was to develop a simple approach that would allow the collection of a sufficient number of cells from a single embryo for use in further analyses. A micromanipulator was used to make a hole in the zona pellucida of 28 compacted morulae, 27 early blastocysts and 31 expanded blastocysts. After further culture, the trophoblastic cells, which herniated through this hole, were cut and cultured in vitro for different periods and used for embryo sexing. The results showed that biopsies can be taken successfully from 96.3% of early blastocysts, compared with 67.7% of expanded blastocysts and 71.4% of compacted morulae. The trophoblastic vesicles contained 20.8 Ϯ 6.7 cells (mean Ϯ SEM) and, when cultured, formed a confluent monolayer. The sex of cells cultured was assayed by PCR and the 12 lambs born after transfer of biopsied embryos confirmed its 100% accuracy. Moreover, no significant differences were found in the viability rates in vitro among blastocysts vitrified immediately after biopsy (77.8%), blastocysts biopsied and vitrified after 24 h culture (76.9%) and blastocysts vitrified without manipulation (88.5%). In experiments in vivo, the lambing rate of biopsied and vitrified blastocysts was significantly (P < 0.05) lower (40.0%) compared with vitrified control embryos (68.7%). This new approach to the biopsy of preimplantation embryos is a useful good model in the assisted reproductive technologies of domestic, wild and human species. sampling from ovine embryos at different stages of development and the subsequent culture in vitro of biopsied trophoblastic cells to increase the number of cells. In addition, the viability of biopsied−vitrified blastocysts in vitro and the lambing rates of biopsied−sexed−vitrified blastocysts after transfer in synchronized recipients were assayed.
Materials and Methods

Embryo production
Oestrus of Sarda ewes was synchronized by intravaginal sponges (Chronogest, Intervet, Boxmeer) impregnated with 40 mg fluorogestone acetate (FGA) and inserted for 12 days. Twenty-four hours before sponge removal, ewes received 250 iu FSH-p (Pluset, Serono, Rome) in four decreasing doses (94, 78, 47 and 31 iu) over 2 days at 12 h intervals. At 50 h after sponge removal, the ewes were inseminated with fresh diluted semen using the laparoscopic technique (McKelvely et al., 1985) . Embryos were collected by flushing the uterine horns from donors using Dulbecco's PBS (Sigma, St Louis, MO) containing 10% (v/v) fetal calf serum (FCS; Sigma) and antibiotics via mid-ventral laparotomy under general anaesthesia (Pentothal sodium, Gellini, Aprilia) at 4 and 5 days after the insemination.
The embryos were washed in fresh flushing medium, evaluated under an inverted microscope (Labovert, Germany) and classified according to their stage of development and morphology (Torres and Sevellec, 1987) . Only high quality embryos with well-formed compacted morulae without isolated blastomeres, good symmetric shape blastocysts without fragmentation and granulation of blastomeres and evidence of an inner cell mass (ICM) were used (Lindner and Wright, 1983) .
Experiment 1: cell sampling
In two replicate experiments, biopsy was performed in 28 compacted morulae, 27 early and 31 expanded blastocyst stages. Micromanipulation procedures were carried out in 100 µl drop of Hepes-buffered TCM-199 with 0.1% (w/v) polyvinyl alcohol (PVA; 30-70 ϫ 10 3 molecular weight; Sigma) at room temperature under an inverted microscope (Labovert) with a micromanipulator (Leitz Labovert, Heidelberg). Embryos were fixed with the holding pipette and the microneedle was inserted through the zona pellucida to make a hole of 10-15 µm diameter. Thereafter, embryos were cultured under standard conditions using TCM-199 with 10% FCS in a humidified atmosphere of 5% CO 2 in air at 39°C for 24 h. Herniating embryos were then washed three times in Hepes-buffered TCM-199 with 0.1% PVA and put individually in a 200 µl drop of the same medium in a 60 mm Petri dish. Trophoblastic cells that herniated from the zona pellucida and formed a small cavity were excised by hand with a microblade under a stereomicroscope. Excised trophoblastic cells were then stained with 10 µg bisbenzimide ml -1 (Hoechst 33342; Sigma) to evaluate the number of cells.
Experiment 2: viability in vitro of biopsied blastocysts, their cryopreservation, culture of trophoblastic cells and genetic analysis
In two replicate experiments, 53 of 79 blastocysts were biopsied as above, and vitrified either immediately (n = 27) or after 24 h of culture (n = 26), according to Naitana et al. (1997) , while 26 blastocysts were only vitrified and used as controls. Briefly, biopsied and control embryos were put into 200 µl drops of 1.4 mol glycerol l -1 for 5 min, and then into 200 µl drops of 1.4 mol glycerol l -1 and 3.6 mol ethylene glycol l -1 for 5 min before being transferred into a 20 µl column of 3.4 mol glycerol l -1 and 4.6 mol ethylene glycol l -1 , and loaded into the centre of 0.25 ml straws using a fine glass capillary pipette. In the straws, the embryos and vitrification solution were separated by four air bubbles (60 µl) from two columns (160 µl) of 0.5 mol sucrose l -1 solution. After sealing, the straws were transferred directly into liquid nitrogen and stored.
The straws were transferred from liquid nitrogen into a water bath at 35°C for 10 s for warming. The content of each straw was expelled into Petri dishes (Falcon) and stirred gently to facilitate the mixture of both solutions. The embryos were retrieved and transferred into 200 µl drops of 0.25 mol sucrose l -1 supplemented with 0.1% PVA for 3 min to allow for the removal of intracellular cryoprotectants. After washing, the embryos were cultured under standard conditions and examined at 12 h intervals for 2 days. The embryos that re-expanded and developed the blastocoel within 36 h were considered to be viable.
Some of the biopsies (n = 27) were cut into two samples for duplicate sex analysis and stored individually at -80°C before sex determination.
Twenty-six biopsies were cultured individually in 500 µl TCM-199 with 10% FCS in four-well tissue culture dishes (NUNC, Roskilde). Culture conditions were 5% CO 2 in air, 39°C and 100% humidity. When biopsied cells failed to attach to the Petri dish and reformed a blastocoel-like cavity, this was scratched at the bottom of the Petri dish with a glass microneedle.
After monolayer formation, during days 5-7 of culture in vitro, culture dishes were washed three times and trypsinized with 500 µl 1% (w/v) trypsin solution. After three washes, about 50% of cells were pelleted for DNA extraction and the others cultured as above for 2-4 days to form a new monolayer.
DNA was extracted from cells by the phenol−chloroform method and ethanol precipitation (Sambrook et al., 1989) .
The protocol for sex determination was described by Schmoll et al. (1995) . PCR was carried out in an Eppendorf Mastercycler (total volume 30 µl). The reaction mixture contained 10 mmol Tris-HCl l -1 (pH 8.3), 50 mmol KCl l -1 , 1.5 mmol MgCl 2 l -1 , 0.5 mmol of each dNTP l -1 , and 0.3 µmol of each primer l -1 . Each test tube was overlaid with 20 µl mineral oil. After irradiation with UV light for 10 min 2 U taq polymerase (Pharmacia, Uppsala) and DNA were added.
The oligonucleotides used for the amplification of a highly conserved region of ZFX and ZFY were: 5'-ATAA-TCACATGGAGAGCCACAAGCT-3' and 5'-GCACTTCTT-TGGTATCTGAGAAAGT-3' (Aasen and Medrano, 1990) for the first and 5'-TGGGAAGCATTTCTCCCATGCTGG-GG-3' and 5'-CAGAAGACAAATGTCA-3' for the nested PCR (Pollevick et al., 1992) .
About 0.1 µg genomic DNA (three replicates per sample) or half biopsy (two samples per embryo) were amplified for 30 cycles at the following temperatures: denaturation (D) at 94°C for 30 s; annealing (A) at 58°C for 25 s; extension (E) at 72°C for 30 s. One microlitre of the first PCR product was submitted to 40 cycles in the nested PCR in the following conditions: D at 94°C for 30 s; A at 50°C for 20 s and E at 72°C for 30 s. Before the start of the amplification cycles, the samples were heated at 94°C for 2 min to produce total denaturation and, at the end of cycles, the extension step was prolonged for 5 min to complete the extension of all the DNA strands. Eighteen microlitres of nested amplification products were digested with 18 U digestion enzyme SacI (Sigma) for 1 h at 37°C and separated by electrophoresis in ethidium bromide-stained 2% (w/v) Nusieve-Agarose 3:1 (FMC bioproducts, Rockland) gel in 1 ϫ Tris-borate-EDTA buffer. DNA bands were visualized and photographed under UV light.
Experiment 3: lambing rate of biopsied and vitrified blastocysts
The ability of biopsied−vitrified−warmed (n = 30; 16 males, 14 females; two embryos of the same sex per recipient) and vitrified−warmed expanded blastocysts (n = 16) to continue development after transfer in synchronized recipients was examined. Biopsed−vitrified−warmed and vitrified−warmed (control) embryos were transferred immediately after rehydration without any selection. For this purpose, mature Sardinian ewes were synchronized by the same protocol as described for the donors and received 300 iu eCG after sponge removal. A vasectomized ram was used to detect oestrus. Six days after the onset of oestrus (day 0), recipients were anaesthetized in the same way as donors. The uterine wall of one horn was perforated with a needle (outer diameter: 1.5 mm), which was inserted about 3 cm into the uterine lumen and the embryo was deposited through a tomcat catheter connected to a syringe. Recipients received two expanded blastocysts and were examined for pregnancy after 45 days with an ultrasound scanner (Toshiba, Otawara) equipped with a 5 MHz transabdominal probe.
Statistical analysis
The chi-squared test or Fisher exact test was used to determine differences between the number of embryos that survived after manipulation and cryopreservation. Differences were considered to be significant at P < 0.05.
Results
Experiment 1
When morulae (n = 28) were punctured and cultured in vitro before biopsy, one embryo (1 of 28; 3.6%) did not extrude any cells outside the zona pellucida. In seven embryos, ICMs escaped from the zona (7 of 28; 25%) and these embryos were considered unsuitable for biopsy. The remaining were biopsied successfully (20 of 28; 71.4%).
The biopsies of early blastocysts were the most successful. All (n = 27) of them extruded trophoblastic cells through the opening in the zona and 26 of them formed a small trophoblastic cavity (Fig. 1a) , which made it possible to cut off the trophoblastic cell efficiently and easily (Fig. 1b) . Only one embryo escaped from the zona pellucida completely and was not used for biopsy (26 of 27 were biopsied; 96.3%). In the expanded blastocyst group, 2 of 31 embryos (6.4%) failed to extrude trophoblastic cells, eight embryos hatched completely and, thus, only 21 embryos (67.7%) could be used for biopsy.
The most convenient stage to make a hole in the zona pellucida before the subsequent biopsy seems to be early blastocyst (P < 0.05). When all biopsied vesicles were stained with Hoechst, they contained 20.8 Ϯ 6.7 nuclei (mean Ϯ SEM). 
Experiment 2
The culture of biopsed blastocysts before cryopreservation does not influence their viability after thawing and during subsequent culture in vitro for 12-48 h. There are nonsignificant differences (P > 0.05) of blastocoelic cavity reexpansion between the two groups of manipulated embryos and the non-biopsied group (Table 1) .
Twenty-six cultured biopsied groups of cells attached to the Petri dish and formed a confluent monolayer within 6 days. With all samples, it was possible to make the secondary cultures after trypsinization and this increased the number of cells available for genetic analysis exponentially. Sex determination was possible for all embryos ( Table 2 ). The sex analysis of biopsied cells immediately after biopsy failed in one case, probably due to the loss of cells. The sex of the corresponding embryos was determined from the second sample obtained by biopsy. The sex analysis was quick (about 4 h) and accurate (100%). The nested PCR gave a 365 bp product. The enzyme Sac I cut selectively the product of amplification derived from the X chromosome (215 and 150 bp) while the counterpart from the Y chromosome remained uncut, as demonstrated by the electrophoretic pattern in which there are three bands for male and two bands for female embryos (Fig. 2) .
Experiment 3
After transfer of biopsied-vitrified-warmed embryos into the uterus of synchronized recipients (two blastocysts of the same sex per recipient), lambing rate was statistically lower (12 of 30; 40%) when compared with control embryos (11 of 16; 68.7%; P < 0.05) ( Table 3 ). All newborn lambs confirmed the analysis of the sex of embryos transferred.
Discussion
The main disadvantage of the current techniques used for the isolation of cells (blastomeres) from the embryo is the limited amount of material (DNA) that can be used for further analysis. The approach used in the present study overcomes this disadvantage by allowing the isolation of a sufficient number of cells. Moreover, these cells can be multiplied further when they are cultured in vitro and the samples can be used for different analyses. The main disadvantage of this approach is that only trophoblastic cells are used. These cells often have abnormal chromosomes, particularly in humans, and so are not suitable for karyotyping (Handyside and Delhanty, 1997) .
The viability in vitro of manipulated-vitrified embryos is 312 G. Leoni et al. comparable with that of unmanipulated-vitrified embryos, possibly as a result of the relatively small hole in the zona pellucida that permits the maintenance of zona function and results in minimal damage to blastomeres. Moreover, the approach described here does not require the use of cytoskeletal relaxing agents, such as cytochalasin or colcemid, that can be harmful to embryo development. A limit of this approach is that the efficiency of biopsy is affected by the developmental stage. Twenty-five per cent of compacted morulae showed hatching of the ICM and 25.8% of expanded blastocysts completely escaped from the zona pellucida compared with 3.7% of early blastocysts.
Since the localization of ICM is still impossible in morulae, the opening was made in a random site. In early and expanded blastocysts, it was easy to localize the ICM and to open the hole in the opposite region of the zona. However, in late expanded blastocysts, the zona pellucida is too thin and its artificial penetration accelerates its complete rupture and consequently embryo hatching.
In the present study, the early blastocyst stage was found to be the best embryonic stage for the quantitative and qualitative control of the extrusion of embryonic cells and biopsy. Wilton and Trounson (1989) demonstrated that the number of cells for genetic diagnosis could be increased by culturing a single aspirated cell from a preimplantation mouse embryo for 6 day, but they observed that some blastomeres failed to cleave or made only very few cell divisions. Similar results were obtained by Vajta et al. (1997) when culturing isolated blastomeres derived from biopsy of bovine embryos produced in vitro. The production of a large number of embryonic trophoblastic cells overcomes this problem.
At present, biopsied embryonic cells are used mainly for sex determination (Greenlee et al., 1998) . The PCR offers an accurate and fast method that uses only a small number of cells to determine the sex of preimplantation embryos of various domestic species (horses: Peippo et al., 1995; sheep: Schmoll et al., 1995; Bernardi and Delouis, 1996; cattle: Pollevich et al., 1992; Bredbacka et al., 1995; pigs: FajfarWhetstone et al., 1993) . Potential disadvantages of this technique are the failure of amplification of the target nucleotide sequence and DNA contamination (Herr and Reed, 1991) . In the present study 20.8 Ϯ 6.7 cells per biopsy were obtained and, after the splitting of each sample into two parts and sex analysis, results were confirmed in 26 of 27 biopsies. The failure in one case was probably the result of the small number of cells isolated and their eventual loss during handling. It should be possible to analyse other genetic characteristics besides sex in the same way. Schwerin et al. (1994) reported the possibility of amplification of a limited number of loci when multiplex PCR was used but problems of accuracy made the interpretation of results complicated. The need for a large amount of DNA was demonstrated by Hochman et al. (1996) who divided bovine blastocysts into four quarters for early disease diagnosis, genetic marker analysis and sex determination. The size of biopsy is closely related to embryo viability and the efficiency of the analysis performance. Small biopsies are lost more easily, possibly by sticking to the instruments used while large biopsies produce embryos with compromised viability (Bredbacka, 1998) . The approach used in the present study overcomes the above problems because the isolated trophoblastic cells can be cultured easily, thus producing a sufficient amount of DNA for multiple analysis. The manipulation procedure and the decreased number of cells in embryos did not influence the behaviour of embryos and their further development in vitro. Even after their vitrification, these embryos did not appear different from those used as controls (in terms of re-expansion and blastocyst formation), in agreement with a previous study using the same vitrification protocol (Naitana et al., 1995) . However, after the transfer of biopsed vitrified blastocysts into synchronized recipients, the viability rate was significantly reduced (40%) compared with controls (65%). Similar survival rates in vitro (85%) and at 90 days after transfer in recipients (44%) were reported by Agca et al. (1998) using bovine embryos produced in vitro from which two or three blastomeres were aspirated. The reduced viability in vivo may be due to a different sensitivity of manipulated embryos to the cryopreservation procedures that negatively affect subsequent embryonic development. Several studies have reported that most embryonic losses occur during implantation as a result of insufficient embryo-maternal interaction, influenced by inadequate secretion of luteotrophic signals to maintain pregnancy (Ashworth, 1992) , ultrastructural changes of epithelium in the caruncular zone (Guillomot et al., 1981) and inadequate gas diffusion from maternal blood to the fetus (Gaviria and Hernandez, 1994) .
In conclusion, the simple approach used in the present study, which facilitates the collection of a large amount of DNA from a single embryo, will enhance the use of molecular genetic methods in animal production, animal genetic resources programmes and assisted human reproduction. 
